Muscle fiber conduction velocity (MFCV) and surface EMG parameters were studied in the brachial biceps muscle of healthy males during voluntary intermittent isometric contractions at 50% of maximum force. Recovery in the following 15 minutes was then observed. The measurements were performed during duty cycles of 33%, of 25% and of 20%. The main finding was a supernormal MFCV during the exercise phase when the duty cycle was 25% and 20%. The level continued to increase during the recovery phase. During the exercise phase when the duty cycle was 33% the MFCV decreased slightly (suggesting that the local anaerobic threshold had been surpassed) but increased during recovery to supernormal values. The ratio of median frequency to MFCV was constant during all experiments, indicating that the changes in median frequency reflect those in MFCV. We suggest that the supernormal MFCV was due to a combination of altered membrane properties, muscle fiber swelling and temperature increase, and hypothesize that the changes of electrical properties formed part of an adaptive mechanism of the muscle fiber membrane during exercise. In that respect the increase of the MFCV could be a component of the well-known warm-up effect.
INTRODUCTION
Studies of muscle fiber conduction velocity (MFCV) during dynamic contractions in aerobic conditions are relatively scarce. Most studies investigate fatigue-related changes in the MFCV and the frequency content of the myoelectric signal in relatively anaerobic conditions, e.g. in applied ischemia (Linssen et al. 1991) . In a previous experiment we studied muscle fatigue and recovery after an isometric maximal voluntary contraction (MVC) lasting one minute. During recovery, an overshoot of the MFCV and the median frequency of the power spectrum was found, reaching a steady state at supernormal values after 10-12 minutes recovery time (van der Hoeven et al. 1993) and lasting for at least one hour. The magnitude of the increase was related to the number of contractions during the recovery phase. However, it is not clear whether such an increase can be found at a more physiological workload, or whether there is any functional significance. To answer these questions we performed an additional series of experiments, in which we investigated variations in MFCV and EMG parameters during intermittent isometric exercise. The surface EMG of biceps brachii muscle was measured during a fixed number of intermittent isometric contractions at 50% MVC in different duty cycles. Recovery was then studied for the following 15 minutes.
MATERIALS AND METHODS
The experiments were performed on 10 healthy males (ages 29-40 years, mean 33.6) who gave their informed consent. None of the subjects used medication.
EMG recording
The experiments were performed on the left biceps brachii muscle. The subject sat in a chair, with the arm fixed in a horizontal semiflexed position at an angle of 120 degrees, supported at the elbow, and with the wrist in supine position. Three silver electrodes (diameter 2 mm) were placed in a rigid bipolar array with a common center electrode, interelectrode distance 10 mm. The skin was abrased and cleaned with ethanol. No electrode paste was used. The localization of the electrodes was parallel to the fiber direction, nearly half way between the innervation zone and the distal tendon. The isometric force of the elbow flexion was measured at the wrist. The result was displayed in front of the subject on a voltmeter and was simultaneously recorded on paper. The two bipolar EMG signals were amplified differentially (Disa EMG amplifier type 14C13) and bandpass filtered (20 -500 Hz). The EMG signals were synchronously digitized by a 12-bit A/D converter with two different sample rates: 6024 Hz (velocity estimation) and 2048 Hz (power spectra) over two connected signal periods of 0.34 and 1.025 sec respectively. MFCV was calculated from the delay of the two signals by the cross correlation method (Lynn, 1979; Naeije and Zorn, 1983) . Only correlation coefficients higher than 0.85 were accepted. The power spectrum was computed over the frequency range of 5-250 Hz by application of the fast Fourier transform over the digitized signal. The median frequency was calculated from the spectra obtained. In addition, the mean integrated value of the EMG (IEMG) was calculated.
PROCEDURE
All EMG measurements were performed during short-lasting (2 seconds) contractions. The MVC was determined twice and the highest value was accepted as 100% MVC. The EMG was measured at the beginning of the experiment and after the recovery period in duplicate both at 50 and at 100% MVC. The mean value at each force level was used for calculations. The exercise part of the experiment consisted of 50 repeated contractions of 2 seconds duration at 50% MVC. Recovery was studied at 50% MVC after 1, 2, 4, 6, 8, 10, 12 and 15 minutes. Measurements were performed at every fifth contraction throughout the exercise period and at each contraction during recovery. The same experiment was performed three times on each subject, with variations only in the duty cycle: 4, 6, and 8 seconds of rest between the successive contractions for duty cycles of 33, 25 and 20%, respectively. The contractions were guided by an adjustable sound generator. The minimum interval between 2 experiments with the same subject was 2 days. The skin temperature and the circumference of the upper arm were measured at a standardized location near the electrodes. The temperature was measured simultaneously with the EMG measurements during the exercise and Mean values and standard error of muscle fiber conduction velocity (MFCV), median frequency (Fmed) and integrated EMG (IEMG) before exercise, immediately before stopping of exercise (postexercise), and after 6 and 15 min recovery at 50% maximal voluntary contraction (MVC). Values are given for the different duty cycles (DC). The absolute force values at 50% MVC remained nearly constant throughout the experiment; preexercise value (N, SE) at DC 33% 89.1 (6.4), DC 25% 90.5 (6.6) and DC 20% 90.5 (5.9). * Significant difference with prefatigue values, Wilcoxon's signed rank test, paired, 2-tailed. * * Significant increase during exercise, ANOVA.
the recovery phases, whereas the circumference was only measured before the exercise and during the recovery. During the experiments, the room temperature was kept constant at 22 0 C.
Statistical Analysis
Wilcoxon's signed rank test (paired samples, two-tailed) was used to test the difference of means. The changes in MFCV and temperature during the exercise phase were analyzed by repeated measures analysis of variance (ANOVA). Statistical significance was accepted at a level of 5%.
RESULTS
Each subject was able to maintain force without difficulty during the exercise and recovery period in all three experiments. For a summary of the results see tables 1 and 2. The mean preexercise values in all subjects for MFCV, median frequency, IEMG and force did not differ significantly among the three duty cycles. In the duty cycle of 33% the mean MFCV decreased slightly, but not significantly, during the exercise phase. A clear decrease in MFCV to subnormal levels in four subjects was largely offset by a constant or even slightly increasing MFCV in the other six subjects. An increase in the MFCV during recovery reached supernormal values, even exceeding the preexercise MFCV values at 100% MVC (table 2). The increased values persisted during the remainder of the observation time. In contrast, a significant increase (by ANOVA) in MFCV to supernormal values was found during the exercise phase in the duty cycles of 25% (p<0.001) and 20% (p<0.006). MFCV here continued to increase during the recovery period and stabilized at supernormal levels after 6 minutes ( fig. 1 ). The increase in MFCV in the duty cycle of 20% was slower than that in the duty cycle of 25% but was still significant. In both cases the levels remained high during the 15 minute recovery period.
During exercise in all duty cycles the median frequency showed no significant changes. During recovery a significant increase to supernormal values was found after 6 to 8 minutes ( fig. 2) . The median frequency-to-MFCV ratio was nearly constant for all duty cycles during the whole experiment ( fig. 3 ). This indicates a linear relationship between the changes in both factors. The IEMG values at 50% MVC showed a mild but insignificant postexercise increase in all duty cycles (table 1) . Additionally, the IEMG values at 100% MVC did not differ significantly in the 15 minutes following the exercise. The temperature rose significantly during exercise in all duty cycles (ANOVA), followed by a gradual decrease during recovery (fig. 4) . The circumference of the upper arm also increased significantly during exercise in all duty cycles (Wilcoxon) but returned partially to normal in the next 15 minutes (fig. 4) . Some subjects showed an increase in maximal force after 15 minutes recovery. The increase was, however, not significant (table 2) .
DISCUSSION
The aim of the experiment was to study surface EMG parameters, especially the MFCV, during intermittent voluntary muscle activation. Although isometric exercise is a form of dynamic muscle activity, it differs from most routine muscle activities. During normal movement force and length are the subject of continuing changes. This makes determination of MFCV impossible since variations in muscle force and length both cause changes in MFCV (Zwarts and Arendt-Nielsen, 1988; Arendt-Nielsen et al. 1992; Trontelj, 1993) . In contrast, MFCV is easy to determine during isometric contractions of short duration. The work level of 50% MVC was chosen because it can be assumed to be a physiological work level.
The major result of the study was the finding of a supernormal MFCV during recovery and even during intermittent isometric exercise at 50% MVC. During the exercise phase with a duty cycle of 33% an insignificant decrease of MFCV to subnormal levels was observed. The data derived from the experiments with low duty cycles (20 and 25%) were revealing. At the duty cycle of 25% the MFCV was already increasing during the exercise phase, and continued to do so during In a previous study we found a supernormal conduction velocity during the recovery period after 1 minute MVC (van der Hoeven et al. 1993) . The increase in MFCV postexercise had been related to a combination of muscle fiber swelling and altered membrane properties. It had been suggested that repeated muscle contraction played a role in maintaining the effect. The occurrence of a MFCV increase during exercise proves that this phenomenon is not only induced by a prolonged MVC, but also occurs after, and in some duty cycles, even during less strenuous muscle activity.
The muscle load in the three duty cycles differs only with respect to the periods of relaxation when blood supply to the muscle is possible. In the duty cycle of 33% the MFCV is decreasing during exercise in four out of 10 subjects. This was related to the accumulation of metabolic by-products, especially lactate (Tesch et al. 1983) . In that situation the oxygen supply to the muscle becomes insufficient for the local demand (anaerobic threshold). This suggests that during the duty cycle of 33% the muscle is working in relatively anaerobic circumstances. A higher duty cycle will result in an increase of lactate accumulation, since at a constant isometric contraction at 50% MVC (duty cycle 100%) a clear decrease of MFCV is found (Zwarts and Arendt-Nielsen, 1988) . The increasing MFCV during the lower duty cycle of 25% argues against major lactate accumulation in that situation. The interindividual differences at the duty cycle of 33% were remarkable. That some subjects showed a decrease of MFCV, while others demonstrated a
Figure 3. Changes of ratio Fmed/MFCV during exercise, DC 25% (left side of figure) and recovery (right side). Bars indicate 1 SE. Horizontal dotted lines: prefatigue values at the same force level. Vertical dotted lines: end of exercise. Note the lack of changes in the ratio Fmed/MFCV.
constant or even an increasing MFCV, implies that these measurements could provide an anaerobic threshold test for individual muscles, as a parallel to the threshold measurements for the whole body.
Several explanations for the increase in MFCV can be put forward. It could be an effect of additional recruitment of motor units which show a higher MFCV (Zwarts and Arendt-Nielsen, 1988; Andreassen and Arendt-Nielsen, 1987; Sadoyama and Masuda, 1987) . Although at 50% MVC most motor units have already been recruited (Vollestad et al. 1984 ) some additional recruitment can occur above this force level (Kukulka and Clamann, 1981 ). An alternative explanation can be an increase in firing rate, since this is associated with higher MFCV (Nishizono et al. 1989) . However, the mean MFCV was higher than the preexercise MFCV at 100% MVC when recruitment and firing frequency are supposed to be maximal (tables 1 and 2). The lack of loss in muscle force argues against fatigue. However, fatigue-related phenomena sometimes appear before a clinical loss of force. In that case, a decrease in firing rate should be expected (Bigland-Ritchie and Woods, 1984) .
Muscle temperature changes influence MFCV (Petrofsky and Lind, 1980) . The surface temperature, which reflects central and muscle temperature changes (Saltin and Hermansen, 1966) , increased during exercise but decreased gradually during 15 minutes recovery. The circumference of the upper arm also increased in all duty cycles. In a previous experiment we found a long-lasting increase in MFCV after one minute isometric MVC. A combination of membrane hyperpolarization due to increased Na + -K + pumping during activity The IEMG values at 50% and 100% MVC increased slightly, but not significantly, postexercise. After intensive exercise at 50% MVC (Miller et al. 1987 ) and 100% MVC (van der Hoeven et al. 1993 ) a significant increase of IEMG was found. Hence, we suggest that the increase in the present experiment was also related to the increase in MFCV.
The maximal force after 15 minutes recovery time was slightly, but not significantly, increased. This is in contrast to the force after prolonged MVC that showed decreased values during a longer period (Miller et al. 1988; van der Hoeven et al. 1993) . The increase of force suggested a positive effect on muscle function and therefore on the force generating mechanism. In that respect it showed some similarities with the well-known warm-up effect. This increase in muscular performance following vigorous exercise is mainly attributed to an increase in body temperature. The beneficial effect of a properly performed warm-up on the performance of welltrained runners has been calculated at 4-6% (Åstrand and Rodahl, 1986) . However, passive heating of the body was much less beneficial than exercise (Astrand and Rodahl, 1986) , which suggests that additional effects, possibly the membrane changes related to the supernormal MFCV, play a role. Although it is likely that the supernormal MFCV reflected adaptive changes of the muscle fiber membrane, a clear distinction with an epiphenomenon cannot be based on these experiments.
In conclusion, we found an increase in MFCV during intermittent isometric exercise and recovery to supernormal values. The rate and time course of this increase were found to be dependent on the duty cycle. We relate the increase in MFCV to a combination of muscle fiber swelling, temperature increase, and altered membrane properties. After 15 minutes recovery time we found a slight increase in muscle force as well and postulate that the changes form an adaptive mechanism of the muscle fiber membrane during exercise. In that respect the simultaneous increase of both MFCV and muscle force could be components of the well-known warm-up effect.
